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Abstract: Metallic additives, Al nanoparticles in particular, have extensively been used in energetic 
materials (EMs), of which thermal decomposition is one of the most basic properties. Nevertheless, 
the underlying mechanism for the highly active Al nanoparticles and their oxidized counterparts, the 
Al2O3 nanoparticles, influencing the thermal decay of aluminized EMs has not fully been understood. 
Herein, we explore the influence of Al and Al2O3 nanoparticles on the thermal decomposition of 1,3,5-
trinitro-1,3,5-triazinane (RDX), one of the most common EMs, based on large-scale reactive force 
field molecular dynamics simulations within three heating schemes (constant-temperature, 
programmed and adiabatic heating). The presence of Al nanoparticles significantly reduces the 
induction time and energy required to activate the RDX decay, and greatly increases energy release. 
The fundamental reason for these results is that Al changes the primary decay pathway from the 
unimolecular N-NO2 scission of RDX to bimolecular barrier-free or low-barrier Al-involved reactions, 
and possesses a strong O-extraction capability and a moderate one to react with C/H/N. It is also 
responsible for the growth of the Al-contained clusters. And Al2O3 nanoparticles can also demonstrate 
such catalysis capability but contribute less to the enhancement of energy release. Moreover, the 
detailed evolutions of key thermodynamic properties, intermediate and final gaseous products, and 
Al-contained products are also presented. Besides, under the programmed heating and adiabatic 
heating conditions the catalysis of the Al and Al2O3 nanoparticles becomes more distinct. Thereby, 
many properties of aluminized EMs are expected to well be understood by our simulation results. 
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1. INTRODUCTION 
Energetic materials (EMs), including propellants, explosives and pyrotechnics, are a class of 
important substances applied for military and civilian purposes. In general, the applications of EMs 
are originated from their energy release after decomposition, on the level of 1~3 kJ/g for common 
CHON contained EMs. Nevertheless, such energy level cannot meet the increasing requirement of 
high energy density. Adding metallic fuels particles like Al, Mg, B and Zr to common EMs is feasible 
to meet the requirement. These metallic fuels usually possess much higher volumetric and gravimetric 
enthalpies of combustion than those of common CHON contained EMs. Thus, they have widely been 
utilized as additives in composite EMs to improve detonation and combustion performances. Among 
them, Al is the most favorable and extensively used because of its high abundance, high reactivity, 
high enthalpy of combustion, and low cost.1 
Al exhibits several advantages in EMs. For instance, Al particles can improve the specific 
impulse and burning rate of solid propellants by increasing combustion temperature and thermal 
conductivity, reducing the molecular weight of gaseous products and increasing energy density.1-2 In 
explosive formulations, Al powders have been added to increase their detonation heat, reaction 
temperature and combustion time.3-5. Moreover, Al serves as an essential ingredient of thermobaric 
and enhanced blast explosives.6 As a matter of fact, Al can play different roles in EMs, depending on 
its content, i.e., a small content of Al will participate in the detonation process and contribute to the 
enhancement of detonation heat; while, a large one will react with the detonation products and air 
over a timescale much longer than that of detonation itself, thus demonstrating a striking afterburning 
effect and contributing significantly to the explosion work.6-7 Besides, the combustion product of Al 
powders, Al-oxide, is a combustion stabilizer that can enhance the combustion stability of the double-
base propellant and reduce the pressure exponent.8-9  
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The efficiency of Al in EMs seriously depends on its particle size. For example, the coarse or 
micro-sized metallic Al particles are disadvantaged, due to their low combustion efficiency, low 
energy release rate, high ignition temperature, and easy agglomeration10; while, the nano ones can 
significantly improve the mass and heat transfer rates of solid propellants due to their high specific 
surfaces and excellent dispersity.11 A small amount of nano-Al particles can effectively increase the 
combustion efficiency, heat of combustion and decrease the ignition delay of solid propellants.12-13 
An Al contained EM is usually called an aluminized EM. Aluminized 1,3,5-trinitro-1,3,5-
triazinane (RDX) is currently one of the most extensively applied aluminized explosives. Because 
thermal decay is a primary and initial process of the combustion and/or detonation of EMs, it is 
requisite for evaluating any EM to guarantee safety. For the Al-RDX systems, there is a large body 
of work dedicated to the RDX decomposition catalyzed by Al.14-22 For example, Hou et al.23 studied 
the influence of nano-Al on the thermal decomposition of RDX and showed that Al nanoparticles 
decrease the peak decomposition temperature, the activation energy and the critical explosive 
temperature of RDX. Zhu et al.14 interpreted from different perspectives on how nano-Al as a catalyst 
affects the thermal decomposition of RDX. They found that adding micro-Al does not affect the initial 
thermal decomposition pathway of RDX, while nano-Al can strongly promote the possibility of C-N 
bond cleavage of RDX.  
It remains challenging to experimentally reveal the thermal decay mechanism of EMs, in 
particular, on the molecular/atomic level. While, molecular simulation can just remedy the deficiency. 
A large number of molecular simulations have focused on the initial thermal decomposition 
mechanism of RDX or Al-RDX mixtures. Schweigert et al.24 investigated the bimolecular thermal 
decomposition pathways and the gaseous decomposition products of RDX using ab initio molecular 
dynamics (MD) simulations. Irikura et al.15 found that RDX decomposition undergoes a bimolecular 
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self-catalyzed acceleration chemical reaction process. Kuklja and coworkers25 performed a quantum 
chemistry study on the initial decomposition path on the bulk RDX and showed that the energy barrier 
for the scission of N-NO2 is lower than that for any other pathway. By first-principles MD simulations, 
Umezawa et al.26 investigated the adsorption and decomposition reaction of RDX molecules on the 
Al(111) surface, and showed that the initial reaction path is comprised of the rupture of N-O and N-
N bonds, and the subsequent redox reactions of O and NO with Al. It showed that the reaction between 
Al and RDX is a barrier-free process, and many fragments produced from the RDX decay can be 
adsorbed on the Al surface. Balbuena et al.27-28 investigated the infrared and vibration spectra of the 
RDX molecule on an Al surface (Al16 cluster) using the MD and density functional theory (DFT) 
combined calculations. They found that the adsorption of the RDX molecules on Al surface leads to 
a configurational transformation from “AAE” to “AAA”, and the obtained Al-RDX infrared and 
vibration spectra are in good agreement with experimental observations. Ju et al.29-31 conducted a 
series of DFT calculations on the adsorption, decomposition and reaction of common EMs on Al(111) 
surface, and obtained the related adsorption energy and activation energy. Zhou et al.32 investigated 
the adsorption and initial decomposition path of a TNT molecule on the Al(111) surface, and obtained 
the adsorption energy as well as the maximum charge transfer between nano-fragments and Al. 
Employing MD simulations, Losada et al.16 explored the reaction mechanism of the shocked 
aluminized RDX explosive, and traced the gaseous products in the reaction zone. Recently, Ju and 
coworkers performed reactive force field (ReaxFF) MD simulations of the effect of passivated Al 
nanoparticle on the thermal decomposition of four EMs, and found that the heat release of the 
aluminized explosives has been dramatically increased. 33 
In spite of progress, a clear understanding on how nano-Al particle and its oxidized counterpart 
affect the thermal decomposition of RDX at the molecular/atomic level remains still lacking. Herein, 
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large scale ReaxFF-MD simulations are used to explore the microscopic mechanism of the effect of 
Al and its oxide on the thermal decomposition of RDX, and reveal their interaction mechanism within 
the timescale accessible to ReaxFF-MD simulations. By constructing four comparative models and 
setting different thermal loading conditions, the evolutions of reactants, intermediates and final 
products, potential energy, pressure, and temperature are analyzed, and the corresponding reaction 
pathways and activation energies are obtained. We show that, in comparison with pure RDX, the heat 
of reaction for the Al-RDX system is significantly increased, the activation energy is lowered and the 
decomposition rate is accelerated due to the catalytic decomposition of RDX and intermediates on 
the surfaces of nano Al and its oxides. The evolution of Al contained clusters during the 
decomposition is also recorded. By means of this insight, more perspectives of the thermal decay of 
Al-RDX systems and the influence of nano Al and its oxides on the decay are presented.   
2. METHODOLOGIES 
The present simulations were performed using the LAMMPS package34 with the potential 
functions of the ReaxFF force field.35-36 The principle of ReaxFF is based on a combination of bond-
order formalism and polarizable charge equilibration scheme to depict both reactive and non-reactive 
events. The main energy terms contributing to its potential function include ones involving covalent, 
electrostatic and van der Waals interactions. The power of the ReaxFF force field lies in its capability 
to simulate the full dynamic evolution of a large-scale system involving chemically reactive events 
over a longer time scale with a reasonable accuracy comparable to those of quantum chemistry 
calculations, and its excellent transferability. Hence, in the past less than two decades, the ReaxFF 
force field has enjoyed tremendous success in many fields of materials.36  
The ReaxFF force field parameter set of C/H/O/N/Al used in the present work was optimized by 
Wang and coworkers.37 Specifically, the separate RDX (C/H/O/N) and Al parameters were cited from 
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previous literatures.38-39 Within the General Multiobjective Force Field Optimization Framework,40 
Wang et al.37,41 added the interaction parameters between Al and C/H/O/N based on extensive first-
principles DFT calculations for both nonperiodic molecular clusters and condensed systems. The 
training set for the molecular clusters includes Al-O-H, AlH3, Al(CH3)3 and Al(NH2)3, while that for 
the condensed systems consists of equation of state for pure Al, α-Al2O3, AlH3, AlN and Al4C3. This 
new ReaxFF force field reasonably well reproduces most properties from first-principles calculations 
and experiments, as it was recently employed to investigate the interfacial reactions between RDX 
and Al under shock and thermal stimuli.37,41 The reaction pathways, kinetic parameters, and the 
evolution of the reaction products were thus obtained. Besides, the fragment identification code 
developed by Goddard’s group from CalTech and based on the analysis of the bond connectivity 
information, was used to trace the evolution of chemical species. And the reaction identification code 
written by our group was employed to obtain the net reactions and their frequencies. Visualization of 
the reaction dynamics was primarily performed with the OVITO package.42  
 
Figure 1. Original models of (a) RDX, (b) Void -RDX, (c) Al-RDX, and (d) Al2O3-RDX each shown by a slice across 
the middle of cell and parallel to the AOB face. The C, H, N, O, and Al atoms are represented in gray, white, blue, red, 
and pink, respectively. Similar representations are considered in the following figures. 
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Table 1. Parameters and Contents of the Simulation Cells. 
Model RDX Void-RDX Al-RDX Al2O3-RDX 
Cell size (Å3) 57×50×46  
Number of total atoms 10752 8749 9083 9404 
Number of RDX molecules 512 411 411 411 
Mass percentage of Al and Al2O3   9.0% 12.6% 
Firstly, a 4×4×4 supercell of α-RDX determined experimentally with a orthogonal crystal system 
and 512 molecules was constructed (Figure 1a). Thereby, a Void-RDX model with 411 RDX 
molecules was built by carving a spherical void with a radius of 1.4 nm at the center of the pure RDX 
model (Figure 1b). Based on the Void-RDX model, an Al-RDX model and an Al2O3-RDX model 
were established by inserting a nano spherical fcc Al cluster and a α-Al2O3 cluster both with a radius 
of 1.1 nm into the void, respectively (Figures 1c and 1d). Key parameters and contents of the four 
initial models are presented in Table 1. For simplification, these four models or systems are denoted 
by pure RDX, Void-RDX, Al-RDX and Al2O3-RDX, respectively. Thereafter, a classical force field 
of COMPASS was used to minimize the energy of the four initial models to justify the inappropriate 
interatomic locations. Subsequently, an isothermal-isobaric (NPT) ensemble equilibration simulation 
lasting for 10 ps with the ReaxFF force field at 5 K for each model was performed to eliminate the 
residual stress. The low temperature of 5 K was employed to ensure that RDX molecules do not 
undergo significant decomposition during equilibration. Based on the equilibrated models, three 
different simulation schemes were adopted for heating. Firstly, isothermal-isochoric (NVT) 
simulations at five different temperatures (1500, 2000, 2500, 3000, and 3500 K) were conducted. 
Considering that the higher temperature leads to the higher decomposition, the simulation time for 
1500, 2000, 2500, 3000, and 3500 K was set to be 200, 150, 80, 80, and 40 ps, respectively. Secondly, 
the programmed heating from 300 to 3500 K at a rate of 16 K/ps for 200 ps was conducted for each 
model. Finally, it involves a preheating at 1500 K for 2 ps within the NVT ensemble followed by a 
microcanonical NVE simulation for 100 ps for each system to simulate an adiabatic situation. In all 
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simulations, the timestep was set to 0.1 fs. 
It should be noted that natural Al nanoparticles are each passivated by an oxide shell of 2-4 nm 
in thickness.43 The contents of active Al nanoparticles vary depending on their sizes and processing 
methods. The Al-RDX and Al2O3-RDX models adopted here are two extremes of an Al2O3-Al-RDX 
system. The content of active Al in Al-RDX is high up to 100 %, while that in Al2O3-RDX is very 
low. As we will show later, there is a small amount of active Al in the Al2O3 nanoparticle. When 
heated, the oxide shell will be spalled and the small liquid Al clusters are dispersed into the 
surroundings at a high rate. 44-45 Therefore, the aforementioned Al-RDX model can directly describe 
this kind of scenario. Certainly, the Al2O3-RDX model is much closer to practice. The Al oxide always 
exists in the system, as an oxide shell is naturally present on the Al particles, or the Al nanoclusters 
burst across the oxide shell will quickly be oxidized. Nevertheless, it remains unclear how these oxide 
shells and oxide clusters influence the RDX decomposition, on which we focus in the present work. 
After relaxation, both Al and Al2O3 nanoclusters are in an amorphous liquid-like state. By the way, 
the building of the Void-RDX model is due to its inevitable presence in the RDX-Al or RDX-Al2O3 
systems. For example, there are moderate gaps in the interface of RDX-Al or RDX-Al2O3, shown in 
Figures 1c and 1d. Thus, it is necessary to build the Void-RDX model to distinguish the effects of the 
gap and Al or Al2O3. Meanwhile, a pure RDX model is established for a comparison purpose. 
As aforementioned, the thickness of the Al and Al2O3 nanoparticles applied in our simulation is 
~1 nm. Even though it is much less than a common one (>50 nm) in experiments, it is enough to 
efficiently distinguish the effects of Al and Al2O3 on the thermal decay of RDX and reveal the 
underlying microscopic mechanism. Also, these limited sizes of the Al and Al2O3 nanoparticles are 
attributed to the limited simulation capability. Meanwhile, due to the limitation of timescale, the 
temperatures adopted for the decomposition simulations are systematically higher than those used in 
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the experiments. However, this setup that is very common among ReaxFF-MD simulations has been 
confirmed to be feasible to reflect reaction mechansim.46-49 Besides, for convenience, we define R as 
the ratio of the number of a chemical species to that of RDX to analyze reaction mechanism. 
3. RESULTS AND DISCUSSION 
3.1. Kinetics of the RDX Decomposition.
0 40 80 120
0.0
0.2
0.4
0.6
0.8
1.0
0 5 10 15 20 0 2 4 6 8 10
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Figure 2. Evolution of R of RDX molecules at (a) 1500, (b) 2500, and (c) 3500 K. 
Figure 2 shows the number variation of RDX molecules with time at three temperatures. At 1500 
K, the decomposition of Al-RDX is the fastest, followed by Al2O3-RDX, Void-RDX and pure RDX. 
Notably, 1500 K is the closest to the temperature adopted in the experiment, below 1000 K.14,17,23,50 
Therefore, the present result agrees with that the high activity of nano Al has frequently been shown 
to catalyze the thermal decomposition of RDX.14,23 For Al2O3, a surprising catalyzing effect is also 
shown. Generally, Al-oxide is considered to be inert and the presence of oxide shells on Al 
nanoparticles will decrease the reactivity of Al nanoparticles. However, our result demonstrates that, 
though Al2O3 is not as active as Al, it facilitates the early decay of RDX. It is consistent with an earlier 
experimental work, in which Zhang et al.51 demonstrated that α-Al2O3 nanoparticles enhanced the 
thermal sensitivity of HMX. For Void-RDX, the enhanced decomposition should be attributed to a 
larger specific surface relative to pure RDX.25,52-53  
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While, comparing the decomposition rates of the four models at different temperatures, we find 
that the decomposition rate of pure RDX increases much faster with increasing temperature than that 
of Al-RDX, Al2O3-RDX or Void-RDX. As shown in Figure 2b, at 2500 K, after the initial 1 ps, the 
decomposition rate of RDX exceeds that of Al-RDX. Interestingly, more RDX molecules are decayed 
in Al2O3-RDX and Void-RDX than those in Al-RDX at the final stage. At a high temperature of 3500 
K, the pure RDX exhibits first a lower decomposition rate than that of Al-RDX, Al2O3-RDX or Void-
RDX, and subsequently a fastest decay. Moreover, the decomposition rate of Al2O3-RDX also exceeds 
that of Al-RDX finally, with the longest time required for Al-RDX to fully decompose. This condition 
under a higher temperature of 3500 K is close to the status of a wave front. Interestingly, our simulated 
result agrees with a fact that the Al particles (containing an oxide shell and an active Al core) act as 
inert materials at detonation conditions.54-55 The specific moments at which the RDX molecules 
undergo 50 % and full decomposition are listed in Table S1 of Supporting Information (SI). This 
temperature-induced reversal in catalysis effect will be explained in the next section.  
Kinetically, the thermal decomposition of EMs is widely assumed to abide by the first order47,56-
58 as follows  
               −
𝑑𝑐
𝑑𝑡
= 𝑘𝑐                                    (1) 
 𝑐(𝑡) = 𝑐0(1 − exp(−𝑘𝑡))                             (2) 
Herein, t, k, c0, and c(t) represent time, the rate constant, the initial and remaining numbers of 
RDX molecules at moment t, respectively. Equation 2 can be transformed into Eq. 3: 
𝑘 =
1
𝑡
ln
𝑐0
𝑐0−𝑐(𝑡)
                                  (3) 
The activation energy (Ea) can readily be obtained from the Arrhenius equation:  
ln𝑘 = ln𝐴 − [
𝐸𝑎
𝑅
]
1
𝑇
                                (4) 
in which A, R and T represent the prefactor, gas constant and temperature, respectively.  
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Figure 3. lnk-1000/T dependences of the thermal decay of RDX in the four models. 
The kinetic parameters of the RDX decomposition can be achieved by analyzing the evolution 
of the number of RDX molecules at various temperatures. The thermal decomposition rate at each 
temperature can be obtained by fitting the variation of the unreacted RDX molecules with time to Eq. 
2. Following the Arrhenius equation (Eq. 4), we plot a lnk-T correlation as shown in Figure 3. 
Consistent with the evolution of unreacted RDX molecules shown in Figure 2, we demonstrate in 
Figure 3 that the RDX decomposition rates of Al-RDX and Al2O3-RDX are higher than those of Void-
RDX and pure RDX at lower temperatures, while a reversal is exhibited at higher temperatures. The 
transition temperature is ~ 2000 K. 
Table 2. Comparison in Ea of the RDX Thermal Decomposition from Present Work and Existing Results.  
Contributors Model Ea (kJ/mol) Average Size 
Present work 
Al-RDX 48.7 Al particle (1.1 nm), RDX bulk 
Al2O3-RDX 61.7 Al2O3 particle (1.1 nm), RDX bulk 
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Void-RDX 84.9 Void (1.4 nm), RDX bulk 
RDX 93.5 RDX bulk 
Wang et al.37 
Al-RDX 87.7 Al film with oxide shell (10 nm), RDX film (12 nm) 
Al2O3-RDX 154.4 Al2O3 film (10 nm), RDX film (12 nm) 
RDX 130.0 RDX bulk 
Xiao et al.18 
Al-RDX 70.8 RDX particle (1 μm), Al particle (15 μm) 
RDX 119.6 RDX particle (1 μm) 
Huang et al.59 
Al-RDX 98.0 Al particle (40 nm), RDX particle (80 μm) 
Al-RDX 129.0 Al particle (2.6 μm), RDX particle (80 μm) 
Al-RDX 157.0 Al particle (10.7 μm), RDX particle (80 μm) 
RDX 135.0 RDX particle (80 μm) 
Miao et al.66 Al-RDX 115.9 Al particle (140 nm), RDX particle (23 μm) 
Zhu et al.14 
Al-RDX 94.2 Al particle (40 nm), RDX particle (70 μm) 
Al-RDX 126.8 Al particle (2.6 μm), RDX particle (70 μm) 
Al-RDX 156.0 Al particle (10.7 μm), RDX particle (70 μm) 
RDX 130.4 RDX particle (70 μm) 
Hou et al.23 
Al-RDX 164.1 Al particle (60 nm) 
RDX 175.4 RDX particle 
The derived Ea from the present work and existing ones are listed in Table 2. The experimentally 
reported Ea for RDX decomposition and that for aluminized RDX are in the range of 103-272 and 
71-349 kJ/mol (the values in Table 2 are not complete), respectively. It shows that the present work 
underestimates the Ea of Al-RDX and pure RDX in comparison to those from experiments and that 
from Wang et al’s simulation with the same ReaxFF force field36. This discrepancy can come from 
several aspects: (1) The different calculation methods may be the main cause for the Ea discrepancy 
in. All the studies calculated the kinetics of RDX thermal decomposition using the nonisothermal 
method, i.e., heating at different rates. Here, we employed the isothermal method, i.e., simulating at 
different temperatures. (2) the complex experimental conditions which consist of many factors such 
as particle size, morphology, density, purity, heating rate and stimulus type; (3) the fact that we 
adopted high temperatures and small nanoparticles to save computational cost; and (4) the assumption 
that the decomposition kinetics follows a first-order rate equation. Yet, in terms of relative values, we 
show that nano-Al2O3 and nano-Al particles decrease Ea by 31.8 and 44.8 kJ/mol, respectively, which 
are in good agreement with several existing studies14,18,37,59. 
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3.2. Initial Decomposition Reactions of RDX.  
Table 3. Numbers of Total RDX Decomposition Reactions (Tot), Al-involved RDX Decomposition Reactions 
(Alu), Unimolecular RDX Decomposition Reactions (Uni), the Four Highest Frequent RDX Decomposition 
Reactions (Top4), and its Frequencies (Fre) at 1500 and 3500 K for the Four Systems. 
T (K) Model Tot Alu Uni 
Top4 
Fre Primary Reactions 
1500 
Al-RDX 428 149 11 
20 C3H6O6N6 + CH2O→C4H8O7N6 
13 C3H6O6N6 + CH2O→C3H6O5N6 + CH2O2 
10 C3H6O6N6 + H→C3H7O6N6 
7 C3H6O6N6 + CHN→C4H7O6N7 
Al2O3-RDX 518 73 42 
34 C3H6O6N6 + CH2O→C4H8O7N6 
15 C3H6O6N6 + CH2O→C3H6O5N6 + CH2O2 
13 C3H6O6N6→C3H6O4N5 + NO2 
13 C3H6O6N6 + CH2ON2→C4H8O7N8 
Void-RDX 472 - 87 
67 C3H6O6N6→C3H6O4N5 + NO2 
41 C3H6O6N6 + NO2→C3H6O8N7 
23 C3H6O6N6 + CH2O→C4H8O7N6 
15 C3H6O6N6 + CH2O→ C3H6O5N6 + CH2O2 
RDX 705 - 107 
70 C3H6O6N6→ C3H6O4N5 + NO2 
61 C3H6O6N6 + NO2 →C3H6O8N7 
23 C3H6O6N6 + CH2O→C4H8O7N6 
19 C3H6O6N6 + O2N→C3H6O5N6 + NO3 
3500 
Al-RDX 340 111 46 
14 C3H6O6N6→C3H6O5N6 + O 
12 C3H6O6N6→C3H6O4N5 + NO2 
12 C3H6O6N6 + H→C3H7O6N6 
5 C3H6O6N6 + O→C3H6O7N6 
Al2O3-RDX 389 37 61 
22 C3H6O6N6→C3H6O4N5 + NO2 
16 C3H6O6N6→C3H6O5N6 +O 
8 C3H6O6N6 + H→C3H7O6N6 
7 C3H6O6N6 + O→C3H6O5N6 + O2 
Void-RDX 380 - 163 
90 C3H6O6N6→C3H6O4N5 + NO2 
32 C3H6O6N6→C3H6O5N6 + O 
11 C3H6O6N6 + C3H6O6N6→C3H6O5N6 + C3H6O7N6 
11 C3H6O6N6 + C3H6O6N6→C6H12O12N12 
RDX 368 - 154 
87  C3H6O6N6→C3H6O4N5 + NO2 
31  C3H6O6N6→C3H6O5N6 + O 
18  C3H6O6N6 + C3H6O6N6→C6H12O12N12 
14  C3H6O6N6 + C3H6O6N6→C3H6O5N6+C3H6O5N6 + O2 
To interpret the aforementioned temperature-induced reversal in catalysis effect and reveal the 
initial decomposition pathways of RDX, we present in Table 3 the numbers of total RDX 
decomposition reactions, Al-involved RDX decomposition reactions, unimolecular RDX 
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decomposition reactions, the four highest frequent RDX decomposition reactions, and its frequencies 
at the lowest temperature of 1500 K and the highest temperature of 3500 K for the four models. It 
shows that in the temperature range of 1500-3500 K, the self-catalyzed bimolecular reaction is always 
the dominant mechanism for RDX decomposition in terms of the total number of reaction events, 
verifying an existing result15 that the intermediate radicals can react with RDX molecules, thus 
accelerating the decomposition. While, the present work and previous quantum chemistry 
calculations60 both show that the unimolecular break is the primary pathway for RDX decomposition 
at early stages for RDX.  
It is known that the interaction between Al and RDX is a barrier-free process.31 To clearly show 
how Al and Al2O3 nanoparticles activate the thermal decomposition of RDX, we carried out ReaxFF-
MD simulations of single RDX molecule adsorbing on Al and Al2O3 surfaces, and single RDX 
molecule in the vacuum (see Videos 1-5 in SI). As can be seen from Video 1 that the RDX molecule 
is quickly adsorbed onto the Al surface, forming a N-O-Al linkage. Then, the N-O bonds are quickly 
broken, with Al-O bonds formed. This process is completed within the initial several picoseconds at 
a temperature as low as 1 K, indicating a strong reactivity between RDX and Al. We also performed 
another simulation at 5 K, with Video 2 showing that all O atoms in the RDX molecule are extracted 
by the Al surface within 3 ps. For the Al2O3 surface, we first performed a programmed heating from 
1 K to 1000 K (Video 3). We also observed the formation of N-O-Al bond relationship and the 
scission of N-O bonds. However, only one N-O bond dissociates and it occurs at ~300 K. We 
performed another constant temperature simulation at 300 K for the Al2O3 surface, further confirming 
the result (Video 4). This suggests that the Al2O3 surface does possess a moderate reactivity, weaker 
than that of Al. In contrast, for a single RDX molecule in vacuum, we observed the scission of -NO2 
from the RDX molecule at 2000 K after ~10 ps (Video 5). 
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As we have demonstrated, the Al-involved barrier free or low-barrier reactions are much faster 
than the energetically favorable early unimolecular decomposition of the N-NO2 cleavage of the pure 
RDX, which has an energy barrier of 34.2-42.4 kcal/mol.15,25,61-62 As can be seen in Table 3, Al-RDX 
undertakes a total of 149 of Al-involved barrier-free or low-barrier RDX decomposition events with 
only 11 relatively high-barrier unimolecular reactions; while the pure RDX has to undergo 107 
unimolecular reactions. Al2O3-RDX also undergoes 73 of Al-involved RDX decomposition reactions, 
thus accelerating its thermal decomposition. Void-RDX also exhibits a significant number (87 in total) 
of unimolecular reactions. But considering that the energy barrier for N-NO2 bond rupture can be 
lowered by 8-15 kcal/mol25 for the RDX molecules placed near the surface, it is expected that the 
presence of void surface in Void-RDX will accelerate the thermal decomposition at the early stage. 
Nonetheless, at later stage, when bimolecular reactions become dominant, the high probability of the 
intermolecular collision in the pure RDX model will become increasingly important. Thus, we 
observe that the RDX decomposition in the pure RDX finally surpasses that of Void-RDX at 1500 K 
(Figure 2a). With temperature increasing, the initial unimolecular reactions are also increasingly 
activated, and the advantage of barrier-free or low-barrier Al-involved reactions becomes 
decreasingly significant. At 2500 K (Figure 2b), Al-RDX only shows a slight advantage in the first 1 
ps over the pure RDX; whereas even this initial advantage is almost completely lost due to a high 
unimolecular reaction rate at the high temperature of 3500 K (Figure 2c). 
After the early Al-involved reactions and the unimolecular reactions, bimolecular reactions 
between light gaseous species take place. It was demonstrated that high pressure facilitates 
bimolecular reactions.60 Figure 4 presents the evolution of pressure at 1500, 2500, and 3500 K for the 
interested systems. It shows that the pure RDX exhibits distinctly a higher pressure increase rate 
firstly and a higher pressure later than the other three models. A higher pressure implies a higher 
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number density of gaseous species and a higher collision rates between RDX molecules with these 
species. As for Al-RDX and Al2O3-RDX, after the early reactions, the Al and Al2O3 particles are 
transformed into Al contained clusters in the condensed phase, which contribute little to the later 
bimolecular reactions. Apart from that, the light gaseous species can be physically or chemically 
adsorbed onto these clusters, further reducing the self-catalyzed bimolecular decomposition reactions. 
It is thus unsurprising that the pure RDX is the first to fully decompose for temperatures above 2000 
K. It is interesting to note that the lower increase rates of pressure and pressure in Al-RDX and Al2O3-
RDX are in excellent agreement with the experimental results that Al particles with natural oxide 
shell decrease the detonation pressure of aluminized explosives5 and the pressure exponent of 
aluminized propellants.8,9 The detailed Al-contained cluster evolution will be discussed in the next 
section. In terms of the specific initial RDX decomposition pathways, we show in Table 3 that the 
most frequent reactions in the pure RDX and Void-RDX are the most energetically favorable N-NO2 
dissociation both at low and high temperatures, consistent with numerous prior studies.15,24-25,61-62 
However, the pathways also exhibit a temperature dependence. At a low temperature of 1500 K, the 
N-NO2 dissociation in the pure RDX and Void-RDX is complemented by the bimolecular interactions 
between RDX and NO2 or CH2O radicals. Previous quantum chemistry calculations60 of shock wave 
induced decomposition of RDX also showed that radicals like NO2 play an important role in 
facilitating the decay of RDX. When the temperature increases to 3500 K, the N-O bond rupture and 
bimolecular reactions between RDX molecules become important. As for Al-RDX and Al2O3-RDX, 
besides the primary Al-involved barrier-free or low-barrier reaction events, RDX molecules prefer to 
decompose through the bimolecular pathways such as the interaction between RDX and CH2O or H 
radicals at a low temperature of 1500 K; while the unimolecular N-NO2 and N-O scission, and 
bimolecular reactions between RDX and H or O radicals are both very frequent. Interestingly, we also 
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observe numerous NO3 radicals due to the oxidation of NO2 by RDX in the pure RDX at 1500 K, 
verifying its existence.63 
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Figure 4. Evolution of pressure with time at (a) 1500, (b) 2500, and (c) 3500 K. 
3.3. Evolution of Al-contained clusters.  
The number of gaseous products and condensed detonation or combustion products are both of 
great significance in that they affect the detonation properties of aluminized explosives, the specific 
impulse of propellants, and the stability of rocket motors. Besides, we can know from Figure 4 that 
the pressures of Al2O3-RDX and Al-RDX are lower than that of the pure RDX, due to the fewer light 
gaseous products. Also, it is strongly related with the big molecular cluster formation. Moreover, it 
should be pointed out that the clusters with the maximum molecular weight (MW) in the pure RDX 
and Void-RDX are orders of magnitude smaller than the largest Al contained clusters, and are thus 
not shown. 
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Figure 5. Evolution of the molecular weight (MW) of the largest molecular cluster at different temperatures for (a) 
Al-RDX, and (b) Al2O3-RDX. The largest cluster always contains Al. 
Thus, much attention is paid to the systems of Al2O3-RDX and Al-RDX. After a careful checking, 
we find that each largest molecular cluster contains Al during the thermal decay of these two systems. 
Figure 5a demonstrates that, for both Al2O3-RDX and Al-RDX, the MW of the largest cluster tends 
to be steady, and decreases with temperature increasing. It suggests that a high temperature does not 
favor an Al-contained molecule cluster formation with a larger MW. Comparing Figures 5a with 5b, 
we find that MW of the largest molecular of Al-RDX first increases steeply and then tends to be 
steady; while that of Al2O3-RDX increases slowly. It should be reasonable. For Al-RDX, the initial 
largest cluster is in fact an Al nanoparticle; it becomes larger and larger after reactions proceed with 
more and more other atoms combined with Al; when the oxidation of Al is saturated, the cluster size 
keeps steady. As to Al2O3-RDX, because the oxidation of Al has been saturated already, the cluster 
size increases slowly, due to some adsorption of reaction intermediates and products, with a limited 
amount. It also suggests that Al2O3 is still stable till 3500 K.   
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Figure 6. Evolution of the numbers of the Al-contained molecular clusters at different temperatures for (a) Al-RDX, 
and (b) Al2O3-RDX. The simulation time is shown in logarithm. 
Figure 6a shows a first increase and a subsequent decrease of the total number of Al-contained 
clusters during the simulation time for Al-RDX. Combined with the MW evolution shown in Figure 
5a, we can deduce that the MW increase results from the combination of small clusters to big ones. 
For example, at 3000 K, the MW of the largest molecular cluster increases steeply, due to the fusion 
of two and several clusters (Figure 5a). This can also be verified by two close key moment of the 
steep increase of MW and the maximal amount of the clusters: around 10 ps. In addition, since the 
condensed detonation or combustion products in the aluminized EMs are composed of the Al-
contained clusters, the trends of the plot suggest that the temperature increasing can reduce the cluster 
size or increase the number of the residual products. As to Al2O3-RDX, Figure 6b exhibits also a first 
increase and a subsequent decrease of the total number of Al-contained clusters; besides, it 
demonstrates a smaller amount of clusters and a fewer change of the numbers. The number of the Al-
contained clusters in Al-RDX is one order of magnitude higher than that of Al2O3-RDX. This agrees 
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with the fewer changes of the MW of the largest cluster shown in Figure 5b. 
 
Figure 7. Configurations of Al particles with RDX molecules in the initial period when heated at 3500 K. 
Besides, the melting, dispersion and agglomeration of Al atoms are found when heating Al-RDX, 
as illustrated in Figure 7. These heated and dispersed small Al particles with a large specific surface 
area undergo fast barrier-free reactions or low-barrier ones with RDX molecules, contributing to the 
decomposition of RDX at the early stage. With regard to Al2O3-RDX, because of its high melting 
point, Al2O3 could more effectively keep its structural integrity, and only a few small clusters are 
spalled. Subsequently, the highly dispersed Al-contained clusters will continue adsorbing 
intermediates, leading to the cluster growth and the slowing down of the subsequent RDX 
decomposition. In contrast to the highly dispersed Al-contained clusters in Al-RDX, the number of 
Al-contained clusters and the corresponding specific surfaces in Al2O3-RDX are much smaller, with 
less adsorption of the intermediates and a slower cluster growth. Hence, the higher bimolecular 
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reaction rate in Al2O3-RDX is responsible for its higher RDX decomposition rate than that of Al-RDX 
at the later stage.  
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Figure 8. Evolution of the elemental composition of the largest Al contained clusters at different temperatures. (a) 
Al-RDX at 1500 K, (b) Al-RDX at 3500 K, (c) Al2O3-RDX at 1500 K, and (d) Al2O3-RDX at 3500 K.  
Table 4. Ratios of the Elemental Composition of the Largest Al contained Molecular Clusters at Different 
Temperatures in the Final Steady State.  
T (K) Model Composition Al:C Al:H Al:O Al:N 
1500 
Al-RDX C145H261O848N123Al306 2.11 1.17 0.36 2.49 
Al2O3-RDX C57H108O695N58Al259 4.54 2.4 0.37 4.47 
3500 
Al-RDX C23H42O331N18Al169 7.35 4.02 0.51 9.39 
Al2O3-RDX C18H17O509N13Al251 13.94 14.76 0.49 19.31 
We further present in Figure 8 the evolution of the elemental composition of the largest Al 
contained clusters at different temperatures. Regarding Al-RDX (Figures 8a and 8c), an initial violent 
Al dispersion can be reflected by a sharp fluctuation of the numbers of Al atoms. The most prominent 
feature is that a large number of O atoms are extracted by Al from RDX and the intermediates. Apart 
from O atoms, a number of C/H/N atoms are adsorbed by the Al contained clusters too. Al2O3-RDX 
(Figures 8b and 8d) only exhibits a slight fluctuation in the Al numbers initially, suggesting its much 
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higher cohesive energy in keeping structural integrity. Al2O3-RDX nevertheless displays a weaker O-
extraction and adsorption capability due to the initial saturated Al-O coordination of Al2O3. The 
specific elemental compositions of the final clusters are listed in Table 4. It shows two similar final 
Al:O ratios at a given temperature for both systems. The capability of Al nanoparticles to adsorb 
C/H/N approximately doubles that of the Al2O3 ones. Notably, increasing temperature significantly 
weakens the capability of Al and Al2O3 nanoparticles to adsorb and interact with the other chemical 
species, which also contributes to the smaller size of the Al contained at higher temperatures.  
3.4. Evolution of Potential Energy (PE).  
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Figure 9. Evolution of potential energy per RDX molecule at (a) 1500 K, (b) 2500 K, and (c) 3500 K.  
The primary contribution to the heat of detonation or combustion is the enthalpy change from 
the initial metastable state to the final stable state. Within the NVT ensemble, the enthalpy change is 
equivalent to the change of PE. We thus present in Figure 9 the PE evolution. It can be seen that the 
PE of the four systems each first increases, and then undertakes an exothermic thermal decomposition 
with a significant PE decrease. This endothermic stage is analogous to the experimentally termed 
“ignition delay”, and is commonly called “induction time”.46,64 Whereas the amount of energy 
absorption required to “ignite” is usually an indicator for ignition temperature. Based on the PE 
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profile, it is found that the enthalpy change between the initial and final states for Al-RDX is about 
one magnitude higher than those of the other three systems. This result is in excellent agreement with 
the experimental conclusion that the addition of nano-Al dramatically increases the heat of detonation 
or combustion of the composite EMs.1-5 
Table 5. Energy Variation during the Decomposition.  
T (K) Model tI (ps) 
EB 
(kcal/mol) 
ΔU 
(kcal/mol) 
1500 
Al-RDX 0.4 53.0 -326.1 
Al2O3-RDX 2.0 87.3 -83.0 
Void-RDX 4.1 100.4 -27.5 
RDX 6.6 103.2 -42.6 
2000 
Al-RDX 0.4 77.3 -416.2 
Al2O3-RDX 1.9 124.5 -244.3 
Void-RDX 2.6 128.0 -223.6 
RDX 2.8 137.7 -249.8 
2500 
Al-RDX 0.5 70.5 -405.0 
Al2O3-RDX 1.5 154.8 -249.3 
Void-RDX 2.2 152.6 -238.6 
RDX 1.7 166.5 -250.4 
3000 
Al-RDX 0.5 82.6 -399.4 
Al2O3-RDX 1.6 180.7 -252.8 
Void-RDX 1.4 170.7 -255.1 
RDX 1.3 194.2 -245.4 
3500 
Al-RDX 0.5 98.0 -336.9 
Al2O3-RDX 1.3 204.6 -179.1 
Void-RDX 1.2 191.0 -194.6 
RDX 0.8 211.9 -196.3 
Note: T is the temperature, tI is the equilibration-induction time, and EB is the PE increase per RDX Molecule during 
the induction period. ΔU denotes the PE decrease during the entire simulations. We should note that the models at 
1500 K is still far from the final equilibrium state due to slow reaction rate at the low simulation temperature. 
Table 5 lists the relevant parameters to potential energy during the decomposition of RDX. In 
terms of the induction time and the energy absorption needed to “ignite”, we show that, at a given 
temperature, the Al-RDX model exhibits a much smaller induction time, and it requires much less 
energy to activate the exothermic process than other three models. These results strongly indicate that 
EMs containing Al nanoparticles should have a much shorter ignition delay and a lower ignition 
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temperature. We also recognize that the presence of Al2O3 only makes a small contribution to the 
energy absorption and release at the low temperature of 1500 K, and this contribution has not been 
observed at higher temperatures. This result indicates that, despite its moderate capability to adsorb 
chemical species, the adsorption contributes little to the energy release. It suggests that the adsorption 
of chemical species on the highly active Al nanoparticles is more chemical, whereas it is more 
physical on the less active Al2O3 particles. 
3.5. Evolution of Key Intermediates and Final Products. 
We select the evolution of several representative intermediates like CH2O, CHN, CHON, HO, 
NO2, NO, and NO3 to analyze the reactions. C3H6O4N5 and C3H6O5N6 are mainly formed through the 
scission of N-NO2 and N-O bonds. The case of 2500 K is presented in Figure 10. It is found that, at 
2500 K, Al-RDX generates distinctly less O contained NO2, NO, O2, CHON and C3H6O4N5 than  
void-RDX and the pure RDX, especially at the early stage; whereas it generates more CHN fragments 
without O. It further indicates the strong O-extraction capability of the highly active Al nanoparticles. 
As we have described in Section 3.3, the RDX molecules in Al-RDX undertake completely different 
decomposition path initially, which starts with the barrier-free or low-barrier reaction between the Al 
nanoparticle and RDX molecules followed by a series of bimolecular reactions (Table 3). In contrast, 
because the primary initial decomposition pathways for the pure RDX and Void-RDX are the scission 
of N-NO2 and N-O bonds, it is unsurprising to detect the initial increase in population of C3H6O4N5, 
C3H6O5N6, NO2, and NO in this case. Most of these species have been detected experimentally.14,65 
Page 24 of 37
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 25 / 37 
 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0 10 20 30 40
0.0
0.1
0.2
0.3
0.4
0.5
0 10 20 30 40
 H
 HO
 O
 O
2
 NO
2
 NO
3
 NO
 C
3
H
6
O
4
N
5
 C
3
H
6
O
5
N
6
 CH
2
O
 CHN
 CHON
 CO
R
 o
f 
F
ra
g
m
e
n
ts
(a) Al-RDX (b) Al
2
O
3
-RDX
(c) Void-RDX
R
 o
f 
F
ra
g
m
e
n
ts
Time (ps)
(d) RDX
 
 
Time (ps)
 
Figure 10. Evolution of key intermediates for (a) Al-RDX, (b) Al2O3-RDX, (c) Void-RDX, and (d) RDX at 2500 K. 
Table 6. Numbers of Chemical Reactions Related to RDX, the Key Intermediates, and the Final Products (N2, 
H2O, and CO2) at 1500 and 3500 K for the Four Systems. “Total” and “Al” Denote the Total Number of 
Reactions and the Al-involved Reactions, Respectively. 
T (K) 1500 3500 
Model 
Al-
RDX 
Al2O3-
RDX 
Void-
RDX 
RDX 
Al-
RDX 
Al2O3-
RDX 
Void-
RDX 
RDX 
Total 19093 19924 14666 29730 19106 21266 17628 25637 
Al 8698 3966 - - 8190 3249 - - 
C3H6O6N6 512 635 545 924 353 433 405 499 
HO 5338 4472 2361 4548 5125 6453 4913 7135 
CH2O 5100 4944 2185 3992 1466 1121 970 1371 
NO2 2706 4642 3570 7249 986 1347 1538 2034 
NO 3246 4401 2260 4558 1970 2497 2376 3157 
NO3 218 670 1023 2074 60 116 132 222 
C3H6O5N6 907 1081 871 1449 466 536 455 516 
CN 1553 121 28 24 2830 2868 1884 2385 
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CHN 821 405 211 257 1378 1248 1064 1258 
O 522 643 457 570 1396 1522 1533 1686 
CHON 508 275 183 187 2132 3333 2182 3691 
O2 715 747 78 197 1065 1291 814 1214 
CHO 559 257 64 184 941 792 665 845 
H 269 122 75 46 1636 1340 1074 1143 
NH2 134 12 42 22 972 1021 845 1254 
HONO 522 514 354 535 344 558 634 793 
C3H6O4N5 128 251 383 652 150 163 269 381 
N2O 70 142 101 143 118 238 281 322 
H2 61 30 21 4 315 235 207 202 
CO 36 6 0 0 345 275 191 204 
N2 1187 532 352 539 3370 2447 1423 2119 
H2O 650 609 434 765 3168 4159 3031 4812 
CO2 98 54 46 77 1305 1514 814 1292 
Regarding both population and life time, CH2O, CHN and CHON are the most important 
intermediates for all four systems. Table 6 lists the statistics of chemical reactions related to RDX, 
the key intermediates, and the final products (N2, H2O, and CO2) at 1500 and 3500 K. The total 
number of reactions and the Al-involved number of reactions have also been listed. It is demonstrated 
that, the Al-involved reactions of Al-RDX is approaching one half of the total ones. However, as we 
have noted, this high-involvement of Al contained species actually reduces the subsequent 
bimolecular reactions. Consistent with the population evolution of these key species, the 
intermediates account for a majority of the total reactions, which are predominantly bimolecular 
reactions. Intriguingly, comparing Figure 10 and Table 6, we realize that radicals like HO, H, and O 
are very active in the bimolecular reactions, they are thus relatively much less than some stable 
species like CH2O. This phenomenon suggests that radicals such as HO, H, and O are highly active, 
yet they have a very short lifetime.  
It is worthwhile to note that N2O is an important intermediate comparable to that of NO2 during 
the thermal decomposition of RDX based on experimental observations.14 While, we do not observe 
any significant presence of N2O in any system. This may be resulted from the much higher 
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temperature of the present simulations than that in experiments. In addition, it can be seen that a 
moderate amount of NO3 is detected in Void-RDX and the pure RDX, verifying our analysis in Section 
3.2. With regard to the number dependence of the intermediates on the temperature, we find an 
obvious population increase of CO at higher temperatures. 
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Figure 11. Evolution of final products (a) N2, (b) CO2, and (c) H2O at 3000 K.  
Apart from the Al contained clusters as condensed final product, N2, H2O, and CO2 are the most 
important final products. These stable gaseous products play an important role in augmenting the 
performance of CHNO EMs. Comparatively, N2, H2O, and CO2 can be quickly generated in Al-RDX 
at low temperatures, while their generation is apparently delayed in the pure RDX. Interestingly, the 
addition of Al2O3 also to certain extent increases the formation of these products. With temperature 
increasing, their formation in the pure RDX accelerates and gradually exceeds that in Al-RDX or 
Al2O3-RDX. For example, Figure 11 illustrates the evolution of these products at 3000 K. It is 
observed that, for N2, the peak content in the pure RDX is slightly higher with a much faster overall 
generating rate in contrast to Al-RDX. The paths to final N2 are listed in Table S3 of SI. It is expected 
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to consider that the Al nanoparticles possess a moderate N-extraction capability and subsequent 
bimolecular reactions are restrained due to the interaction between light molecular species and the 
dispersed Al contained clusters. As to H2O and CO2, the difference in the peak content and the overall 
generation rate between the pure RDX and Al-RDX becomes much more distinct. The strong O-
extraction capability of the Al nanoparticles is responsible for it (Figure 8). This O-extraction by Al 
clusters severely impedes the subsequent bimolecular reactions in producing O contained H2O and 
CO2. The weak O-extraction capability of Al2O3 nanoparticles is also exhibited by slightly lower peak 
contents and overall generation rates of H2O and CO2. 
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Figure 12. Amount of total species in the final equilibrium state. 
Besides, we show in Figure 12 the amounts of total species approaching the final equilibrium 
state at 2500 and 3500 K. The exact values are listed in Table S2 of SI. It shows that Al-RDX produces 
the smallest amount of species, less than that of pure RDX or Void-RDX, especially when we only 
take the gaseous species into account. From the perspective of the detonation and combustion 
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properties of aluminized EMs, the lessened gaseous products disfavor the increases of detonation 
volume and specific impulse. While, the deficiency in gaseous products can be fully compensated by 
the much higher heat of reaction. 
3.6. Results of Programmed Heating and Adiabatic Simulations.  
The NVT simulations with a constant temperature are effective in describing scenarios in which 
EMs undergo steady detonation or combustion. Nevertheless, this simulation scheme cannot well 
simulate situations in which EMs are gradually heated at the ignition stage. The programmed heating 
simulations within the NVT ensemble are feasible. This is because the ignition is essentially a 
temperature increasing process prior to the steady detonation or combustion, although the practical 
ignition do not proceed at a constant heating rate. The NVE simulations can also describe the ignition 
reasonably for EMs in highly confined spaces almost without mass and heat transfer.  
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Figure 13. Evolution of (a) RDX molecules and temperature, and (b) PE during the programmed 
heating from 300 to 3500 K. The inset image in (b) is the closeup of PE profile in the first 1 ps. 
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Hence, we present in Figure 13 the evolution of RDX molecules and the corresponding PE 
profiles during the programmed heating from 300 to 3500 K within the NVT ensemble. It is found 
that the decomposition of the pure RDX and Void-RDX starts at ~1000 K and accelerates quickly 
with temperature increasing, while Al-RDX and Al2O3-RDX undergo decomposition once heating 
starts. The PE profiles show that Al-RDX with a highly active Al content only exhibits a short-time 
low-peak induction period in the first 1 ps, and subsequently proceeds along a “down-hill” barrier-
free exothermic reaction pathway. In contrast, the other three systems go through a long-time 
relatively high peak induction period in the first ~100 ps followed by an exothermic process. 
Moreover, Al-RDX shows much higher heat of reaction than others. Even though the Al2O3 
nanoparticles contribute little to the heat of reaction, they do lower the energy needed to ignite, 
implying a lower ignition temperature. Owing to much stronger subsequent self-catalyzed 
acceleration in bimolecular decomposition of RDX in the pure RDX and Void-RDX, the RDX 
molecules in the four systems fully decompose almost at the same time. As aforementioned, the initial 
barrier-free or low-barrier Al-involved reactions and the subsequent restraint of bimolecular reactions 
by the Al contained clusters are responsible for the decomposition behaviors of Al-RDX and Al2O3-
RDX. All these results are in good accordance with the results presented formerly. 
For the adiabatic simulations, the evolutions of the RDX molecules, PE, and temperature are 
presented in Figure 14. The most outstanding characteristics of these profiles are that the 
decomposition rate is entirely dictated by the energy release rate, which in essence determines the 
temperature increase rate for an adiabatic system. The Al-RDX with a highly active Al content is 
endowed with the highest rates of overall energy release, temperature increase, and decomposition. 
Comparatively, the less active Al2O3 nanoparticle also displays much higher catalyzing activity than 
the void contained RDX. It is worthwhile to point out that the preheating at 1500 K prior to the NVE 
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adiabatic simulations has somewhat activated (ignited) the energetic systems, we thus cannot see the 
PE peaks as those in the other simulation schemes. Nevertheless, the remarkably slow rates of energy 
release and temperature increase within the first 50-60 ps are distinctly exhibited by the PE (Figure 
14b) and temperature (Figure 14c) evolution profiles of the pure RDX system. We have also examined 
the evolutions of the populations and reactions of the key intermediates and final products under 
programmed heating and adiabatic heating conditions, with similar mechanisms found. That is, 
similar to the RDX decomposition, their reaction rates are also determined by the energy release rates, 
which are eventually governed by the reaction kinetics depicted in Section 3.1. 
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Figure 14. Evolution of (a) RDX molecules, (b) PE, and (c) temperature within the NVE ensemble. The evolution 
is preceded by a preheating of 2 ps at 1500 K within the NVT ensemble. 
4. CONCLUSIONS 
Summarily, based on reactive force field molecular dynamics simulations, we have explored the 
thermal decomposition of four representative RDX-based energetic systems under three heating 
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schemes. The energetics, kinetics and key products have been analyzed, in virtue of which the 
catalysis activity of Al and Al2O3 nanoparticles on the thermal decomposition of RDX has well been 
understood. The following conclusions can be drawn. 
(1) The thermal decomposition of pure RDX proceeds through the early unimolecular reactions 
followed by the later bimolecular reactions. For both RDX and aluminized RDX materials, 
bimolecular reactions are the dominant pathway in terms of the number of reactions. In addition, the 
stable intermediates like CH2O and unstable radicals like HO, CN, CHN, CHON, NO2, NO, H, and 
O play an essential role in facilitating the bimolecular decomposition. 
(2) The overall RDX decomposition rates of Al-RDX and Al2O3-RDX are higher than those of 
Void-RDX and pure RDX at lower temperatures; while a reversal is observed at higher temperatures.  
(3) The highly active Al nanoparticles can significantly increase the heat of reaction relative to 
the pure RDX; whereas Al2O3 nanoparticles cannot. The presence of the Al nanoparticles can greatly 
reduce the induction time and the energy required to activate the exothermic reactions, and Al2O3 
nanoparticles can also demonstrate such catalysis capability.  
(4) The size of the largest cluster decreases with temperature increasing, whereas the number of 
Al contained clusters increases. Generally, the number of Al contained clusters in Al-RDX is one 
order of magnitude higher than that of Al2O3-RDX. Additionally, the highly active Al nanoparticles 
display a strong O-extraction capability coupled by a moderate capability to react with C/H/N atoms; 
whereas Al2O3 exhibits a much weaker such capability. 
(5) The case of decomposition under the programmed heating condition is similar to that under 
the constant-temperature heating condition; as to the case of the adiabatic heating condition, the Al-
RDX system always exhibits the fastest decomposition, energy release and temperature increase, 
followed by Al2O3-RDX, Void-RDX and pure RDX. In other words, the catalysis of the Al and Al2O3 
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nanoparticles becomes more remarkable under the programmed heating and adiabatic heating 
conditions. 
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